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GLOSSARY
Battery (Commonly BMS) “An electronic system that monitors
Management battery operation, provides an interface to the vehicle,
System provides diagnostics functions for the battery, and
ensures protection and safety” (Price, 2012, p. 14).
Capacity “The total number of Ampere-hours (Ah) that can be
withdrawn from a fully charged cell or battery under
specified conditions of discharge”
(Linden & Reddy, 2002, p. A4).
Chassis A dynamometer capable of testing a fully assembled
Dynamometer vehicle and measuring the power output at the tires,
therefore requiring little or no disassembly or
modifications to the vehicle (Martyr & Plint, 2007).
Controller (Commonly CAN) A hardware and Data Link Layer
Area Network commonly used to communicate between systems
in a vehicle (Held, 2008).
Dynamometer (Commonly dyno) A test apparatus designed to resist
and measure the torque produced by a prime mover
(Martyr & Plint, 2007).
Drive Cycle A predetermined schedule of vehicle speeds and tractive
force (Larminie, 2003).
State-of-Charge “The stored charge that is available for doing work,
relative to that which is available after the battery
has been fully charged”
(Kim, Tredeau, & Salameh, 2008, p. 1013).
xii
ABSTRACT
Larson, Andrew J. M.S., Purdue University, May 2015. An Empirical Approach to
the Re-creation of Vehicle Drive Cycles . Major Professor: Dr. J. Eric Dietz.
Vehicles such as buses, delivery trucks, mining equipment, and motorsport
vehicles often repeat a highly defined pattern, route, or track during normal use.
For these vehicles, standard dynamometer drive cycles are of little use. It was
proposed that deriving a vehicle drive cycle from empirical data collected from
on-board vehicle sensors would produce more accurate vehicle characteristic
predictions for special purpose vehicles. This study answers the question “Is it
possible to use recorded vehicle data to replicate a real world driving scenario for
the purpose of vehicle diagnostics?” To reduce the complexity of the project, an
electric go-kart was used as test vehicle. The go-kart was driven around the Purdue
Gand Prix kart track. Data was collected from on-board sensors built into the
vehicle motor controller. A turn by turn analysis of the recorded data is provided.
A chassis dynamometer was redesigned to replicate the recorded drive cycle. The
recorded drive cycle was replicated using the same test vehicle and the on-track
data is compared to the in-lab data. During drive cycle re-creation, the system was
found to have an average RPM error of 3.23% and an average current error of
7.89%. The comparison of the energy used on the track and in the lab test
demonstrated that the cumulative energy used varied by only 0.49%.
1
CHAPTER 1. INTRODUCTION
While dynamometers have long been used as a diagnostic tool, recent
advances in vehicle data collection have made it feasible to recreate drive cycles
from natively collected data. Notably, the drop in price of telematic devices has
made continuous data collection in a given vehicle an economically feasible option.
1.1 Significance
Drive cycles are often used to predict automobile efficiency (Martyr, 2007).
Standard drive cycles such as the LA and HWFET are generalized cycles intended
to predict average efficiency of a vehicle for an average driver. Because it is difficult
to predict where and how an automobile will be driven, these generalized cycles are
considered adequate for most vehicles intended for public use where it is unknown
for what application the vehicle will be used.
Some vehicles, however, are used in a highly predictable fashion. Vehicles
such as buses, delivery trucks, mining equipment and motorsport vehicles often
repeat a highly defined pattern, route or track during normal use. Because these
special purpose vehicles are often operated 24 hours a day and year round, they
represent a large portion of the vehicle energy consumed annually.
It was proposed that deriving a vehicle drive cycle from empirical data
collected from onboard vehicle sensors would produce more accurate vehicle
characteristic predictions for special purpose vehicles. Several databases and
programs exist for this purpose; however, validation is still needed (NREL, 2011).
Furthermore, “Real-world, high-accuracy, and high-resolution vehicular velocity
histories are needed to predict the actual on-road variation in vehicle efficiencies of
different driver and powertrain combinations.”(Neubauer & Wood, 2013, 1). This
2
study added “high-accuracy, and high-resolution vehicular velocity histories” to the
literature.
1.2 Research Question
Is it possible to use recorded vehicle data to replicate a real world driving
scenario for the purpose of vehicle diagnostics?
1.3 Scope
In this study, an investigation is conducted to examine the viability of
deriving a vehicle drive cycle from measured data obtained from onboard vehicle
sensors. It has been seen that auxiliary vehicle systems such as powered brakes and
power steering can cause discrepancies in dynamometer drive cycles (Brace, Burke,
& Moffa, 2009). To address this problem, electric go-karts with no auxiliary systems
were used. To further reduce the complexity of the project, data was collected from
onboard sensors built into the vehicle motor controller and the recorded drive cycle
was replicated on a chassis dynamometer using the same test vehicle.
1.4 Assumptions
This research will be conducted with the following assumptions in mind:
• The measurement equipment available in the INSET Lab is properly
calibrated.
• The Curtis 123X controllers used are capable of making accurate automated
measurements and do not need to be calibrated except for those parameters
listed in the equipment manual.
• The EnerDel battery management system does not need calibration.
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1.5 Limitations
This research will be conducted with the following limitations in mind:
• Research equipment is limited to the equipment provided in the INSET Lab.
• Measurement precision and accuracy is limited by the minimum resolution of
the provided equipment.
1.6 Delimitations
This research will be conducted with the following delimitations in mind:
• Drive cycle replication will be bases on recorded speed and current.
• All measurements will be taken by an automated data collection system.
• Frictional losses in the system will be measured as a whole and need not be
measured or calculated individually.
• Wind resistance will be considered negligible for speeds below 40 miles per
hour.
1.7 Summary
This chapter provided the scope, significance, research question,
assumptions, limitations, delimitations, definitions, and other background
information for the research project. The next chapter provides a review of the
literature relevant to the use of dynamometers for diagnostic purposes.
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CHAPTER 2. REVIEW OF RELEVANT LITERATURE
Chassis dynamometers have long been used for diagnostics, however, recent
developments in vehicle data collection now allow for accurate replication of on-road
driving conditions. This chapter gives a review of the kinds and amount of data
that modern vehicles produce, the many methods and products used to collect this
data, and some of the reasons why this data is important. Later in the chapter,
dynamometer history, drive cycles, and an argument for the existence of data
capture to create diagnostic drive cycles from the data are also discussed.
2.1 Production of Data in Vehicles
There are many things to be measured on an automobile. It would be
difficult to imagine a modern vehicle without simple instrumentation such as
speedometers, odometers, and fuel gauges. This information is crucial to the driver
and must be communicated. Vehicle data, however, is not limited to the dashboard.
On a modern automobile, hundreds of thousands of measurements are occurring
every second.
Most vehicles manufactured today communicate over a protocol called
Controller Area Network (CAN) bus. This protocol was first used to transfer
messages crucial to the functioning of internal combustion engines and later
extended to include vehicle diagnostic codes. There is, however, no limit to what
kind of data can be transferred using this protocol. For example, CAN data may
even include messages to change the volume on a car stereo or roll up a window
(Bonnick, 2001). Laws in the United States require manufactures to provide a port
for EPA related data (Lerner et al., 2010).
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2.2 Collection and Use of CAN Data
Although modern vehicles are constantly producing vast amounts of data,
rather little of it is recorded. In fact, until recently, most vehicles had very little
memory for the capture and storage of this data (Bonnick, 2001). Collection of
CAN data has increased over time; starting from initial attempts to use data
records for diagnostics and culminating in an attempt to collect all available data.
In general, the trend has been to collect more and more data as time goes on.
2.2.1 Early CAN Collection Methods
In the past, the on-board data storage in most vehicles was mainly limited to
two places, the Electronic Control Unit (ECU), and the Event Device Recorder
(EDR). These early data collection efforts continue on most vehicles produced today
and are discussed here.
2.2.1.1. Electronic Control Unit
Modern vehicles have a device called an Electric Control Unit. The ECU is able to
communicate with all the other electronic units on the vehicle. Manufacturer’s
design these systems to keep track of many parameters such as engine timing or
battery voltage. If these parameters fall out of a predefined range, the ECU will
record this as an error. These recorded values are used for diagnostics and are
stored on the ECU or another control unit and can be retrieved using the Second
Generation On Board Diagnostics (OBD-II) port. This port is required by the
Environmental Protection Agency (EPA) and is included in all US vehicles sold
after 1996 (Lerner et al., 2010).
According to Lerner et al. (2010), “The OBD-II port is primarily used in the
automotive industry for assisting mechanics in diagnosing vehicles. However, useful
safety data such as vehicle speed, engine rpm, and throttle position can be
monitored through the OBD-II port”(p. 9). While the vehicle is running, almost
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any measured value is viewable using a diagnostic scan tool, however, only the
ERROR codes and some general parameters such as vehicle ID are recorded in the
on-board memory. The memory on these ECUs may be quite small, able to hold
only a few parameters. Additionally early units had mostly volatile memory. In this
case, all data was lost if the battery connection was removed (Bonnick, 2001).
2.2.1.2. Event Device Recorder
Since the early 1990s, automotive manufacturers have been voluntarily installing
Event Device Recorders (EDRs). Originally part of the airbag control module, these
devices monitor the CAN bus continuously. Several seconds worth of data is held
temporarily in memory but is not permanently recorded unless an event occurs.
Exactly what data is recorded varies by manufacturer but often includes time,
vehicle velocity, longitudinal acceleration, deployment of air bags, and use of seat
belts (Gabler, Gabauer, Newell, & ONeill, 2004).
When an event (typically a vehicle accident) has occurred, the several
seconds worth of information is stored in the EDR and can be recovered through
the OBDII port or directly from the EDR itself (Gabler, Hinch, & Steiner, 2008).
It is theoretically possible for anyone with the right equipment to gather this data.
However the data is of most interest to the Original Equipment Manufacturers
(OEMs), traffic researchers, law enforcement, and insurance companies (Gabler et
al., 2004).
This information is useful to OEMs and research institutions because it
provides valuable information about vehicle accidents (NHTSA, n.d.). They collect
the data from EDRs after some accidents to make improvements to the vehicle
design or study the factors leading up to the accident. Law enforcement regularly
collect information from EDRs to determine the cause of an accident. If the data is
to be used for legal proceedings, special procedures and software are required to
protect the chain of evidence. While insurance companies would also like this
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information, laws vary by state as to whether they are allowed to retrieve or use it
(Gabler et al., 2004). Recently, insurance companies have made attempts to gather
driver specific CAN information on a voluntary basis in exchange for a cheaper rate.
This is discussed in Section 2.2.2.3 below.
2.2.2 Telematics
In automotive terminology, Teleinformatics or telematics refers to the
combined field of telemetry and informatics, that is to say, the preprocessing of
data, and wireless transfer of said processed data. Although the transferred data is
not necessary stored permanently, it is addressed here because there is an
opportunity for it to be stored at several points in the process. Both OEM and
third party telematics are discussed below.
2.2.2.1. OEM Telematics
One of the best known OEM telematics is General Motor’s OnStar. This system
has been installed in many GM vehicles since 1995. It forwards vehicle data to a call
center where operators can perform services such as alerting emergency services to
an accident or opening a car door for a verified customer. Like all telematics,
OnStar connects a wireless communication device to the vehicle’s CAN bus allowing
one or two way communication between the vehicle and a remote service (Held,
2008). GM is not the only OEM to offer such a service. Table 2.1 includes a list of
several car manufacturers now offering similar services. Of these, Ford SYNC is of
particular interest from a data collection perspective. One of the features of the
SYNC service is the Vehicle Health Report. This service allows the vehicle operator
to capture the diagnostic codes mentioned in section 2.1 above and send them to a
web based service where they can be stored, viewed, and forwarded to another party
such as a mechanic (Ford, 2014).
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Table 2.1







2.2.2.2. Third Party Telematics
Several third party manufacturers have begun to offer telematics products that add
features to existing vehicles. According to Lerner et al. (2010) “Devices are
available that convert the OBD-II signals to serial communication” (p. 9). These
devices plug into the vehicle’s OBDII port and store information for display or send
information wirelessly through either blue-tooth or a cell phone carrier. ”Also
available are wireless Bluetooth OBD-II communication tools that wirelessly port
OBD-II data to a PC, PDA, or smartphone”(Lerner et al., 2010, p. 9). One of
these devices, Delphi’s Vehicle Diagnostics, can open doors, start vehicles, and help
locate lost or stolen vehicles. Although the services offered by this device are similar
to many OEM telematics, there is no operator to call, as all of these features are
accessed by authorized users through an on-line account via personal computer or
smart phone. Delphi’s device uses a built in cellphone transceiver to link to this
service (Delphi, 2013).
Other devices like Garmin’s Garmin Mechanic and the Automatic Link by
Automatic Labs use a blue-tooth connection to connect with a hand held device
such as a smart phone or Global Positioning System (GPS) navigator. In addition
to functioning as a portable OBDII diagnostic scan tool, these devices record
information about the operator’s driving habits in order to make suggestions about
fuel savings, and motorist safety. Like the OEM telematics, these devices report, if
not record, GPS position to add to its functionality.
9
2.2.2.3. Vehicle Insurance Sponsored Telematics
The last category of telematic products on the market today is the niche market of
products available from insurance companies. These devices work much like the
third party devices above, but the recipient of the information is a vehicle insurance
company who uses the information to set a price on the vehicle or driver being
insured. Much like the OEM category of telematic devices, it is unclear where or
how long this data is stored. A list of insurance related telematics services is seen in
Table 2.2.
Table 2.2







The data collection methods above collect some but not all of the data
available from the CAN bus. Although some of these methods have been used for
research (Gabler et al., 2004), it is only as a form of convenience sampling. When
researchers know that they will be studying a vehicle beforehand, it is likely that a
data recorder will be installed. A data recorder is a device used expressly for
recording data from a vehicle for the purpose of research. These devices vary in
complexity. Some simple recorders plug into the OBDII port and sample only select
data at a predefined rate until the device memory is full. More complex devices
have internal hard drives and capture all communication on the CAN bus in real
time. These more complex data recorders are often capable of recording data much
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faster than the vehicle can produce it and may include ports for additional sensors
from outside the CAN system (Kucera, Hyncica, Honzik, Pavlata, & Horak, 2011).
For added flexibility, some researchers choose to build a data recording
system using a laptop computer and CAN or other data converters (Carlson, Duoba,
Bocci, & Busch, n.d.). This allows the ability to monitor multiple CAN buses, and
other data such as global positioning system data or video recorder all on one
central location. Regardless of what method is used, using a data recorder allows the
researcher to store as much or as little data as they like and recall it later to study.
2.3 Diagnostic use of Recorded CAN Data
As seen above, more and more CAN data is being collected on modern
vehicles. The integrated diagnostic capabilities of the on-board diagnostics system
are regularly used in vehicle repair. However, this represents only a portion of the
collected data today. The field of vehicle diagnostics could benefit greatly from the
effective use of captured data. One way to use this data is to recreate an on-road
drive cycle using a dynamometer. In the next section dynamometers and drive
cycles will be discussed.
2.4 Dynamometers
A dynamometer or dyno is a test apparatus designed to resist and measure
the torque and or power produced by a prime mover or to become a prime mover
and apply an amount of power to be absorbed by the unit under test (Martyr &
Plint, 2007). Dynos come in many forms. In automotive research there are two
main types of dynos, engine dynos and chassis dynos. The former requires the
engine to be decoupled from the vehicle before use. The latter is a dynamometer
capable of testing a fully assembled vehicle and measuring the power output at the
tires, therefore requiring little or no disassemble or modifications to the vehicle
(Martyr & Plint, 2007). Only this type of dyno will be discussed here.
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2.4.1 Chassis Dynamometers
The use of chassis dynamometers can be broadly categorized into two
sections, those for diagnostics and those for drive cycles. The simplest of chassis
dynos are comprised of one or two rollers capable of providing a torque equal to
that experienced by a stopping vehicle. The vehicle under test is placed on the
rollers and the vehicle brakes are applied. This simple form of dynamometer is
intuitively referred to as a break tester (Martyr & Plint, 2007). More complex
dynos provide a figurative treadmill on which to run a vehicle for various diagnostic
tests. For example, when a vehicle is manufactured, it is common for the OEM to
run the vehicle on a dyno for some time to verify functionality of all the moving
parts, identify unwanted noises, and test electromagnetic interference compatibility.
The most complex chassis dynamometers include the ability to simulate
nearly every driving condition one might experience on the road. Independent rollers
for every wheel, variable temperature chambers, and even asphalt covered rollers can
be used to simulate driving conditions. The most significant and useful simulation,
however, is the ability to simulate the acceleration, deceleration, and inertia, of a
vehicle in motion. This can be done in two ways. The first is to change the mass of
the rollers such that the rotational moment of inertia is equal to linear inertia of the
vehicle. The second method is to simulate this inertia with a controllable resistance
such as a water break or an electric generator. This second method is more common
due to its compact size and flexibility (Martyr & Plint, 2007).
When tuning a vehicle, it is desirable to test the vehicle at different speed
and torque levels. The chassis dyno allows the mechanic to set any combination of
speed and torque desired. If the speed and torque are changed according to a
predetermined schedule, the dynamometer is said to be running a drive cycle.
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2.4.2 Drive Cycles
As mentioned above, a drive cycle is a predetermined schedule of vehicle
speeds and tractive force (Larminie, 2003). Many standardized drive cycles are
published in books and on the web. These drive cycles include second by second
speeds to be maintained by the vehicle under test. Some are theoretically derived
and contain the average expected elements of normal vehicle use. For example, the
European Urban Driving Cycle ECE-15 seen in Figure 2.1 consists of three clusters
of acceleration, coasting, and deceleration. It is not expected that a driver in the
real world would experience this exact cycle, but rather, that these are the
components of normal driving. Other drive cycles are based on traffic patterns of
geographic areas. The LA-4 and the NYCC (Figure 2.2) were developed to represent
an average drive in Los Angeles and New York respectively. For comparison, some
statistical parameters of the ECE 15 and the NYCC can be seen in Figure 2.3.
Figure 2.1. European Urban Driving Cycle ECE-15
There are several situations where drive cycles may be used, not the least of
which is for emissions testing. In fact, most drive cycles, including those above, were
developed in response to governmental requirements for emissions testing (Larminie,
2003). This fact has considerably affected the history of drive cycles. Because these
emissions oriented drive cycles exist, few non emissions oriented drive cycles have
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Figure 2.2. New York Cycle
Table 2.3
Comparison of ECE 15 and NYCC Drive Cycles
Characteristics Unit ECE 15 NYCC
Distance km 0.9941 1.89
Total time s 195 598
Average speed km/h 18.35 11.4
Maximum speed km/h 50 44.6
been developed. There is a simple reason for this. For most other drive cycle uses,
these existing cycles are adequate. For example, other common uses for drive cycles
are efficiency testing and range testing. To predict or verify the efficiency of a given
model of vehicle, the vehicle can run a series of drive cycles on a chassis
dynamometer. If the fuel or battery capacity is measured before and after the test,
the efficiency can be ascertained and the range can be calculated. Although
emission oriented cycles are commonly used for range tests, Smart, White, and
Duoba (2009) demonstrate a need for more customised drive cycles arguing that
emissions related cycles “are a very repeatable and equitable standard for
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comparison purposes, but will often under-predict fuel consumption compared to
actual day-to-day driving” (Smart et al., 2009, p. 2).
2.4.2.1. Chassis Dynamometer use in Diagnostics
In addition to emissions testing and range testing, another category of chassis
dynamometer use can be summed up as diagnostics. Herein are two distinct uses,
namely, performance and recreation of a fault or anomaly. If a mechanic or vehicle
enthusiast would like to tune a vehicle for a particular purpose, for example, a race,
the vehicle can be placed on a dyno and minute alterations can be made to the
vehicle to improve performance. While some races like a drag race are simple for the
dyno control system to simulate, others are more complex. The frictional losses
experienced in high speed turns, burnouts, and skids are difficult to replicate in the
computer model used to create the inertial loads on the dyno rollers. While there is
a loss of energy in the real world system, that is, the energy absorbed in the
complex frictional losses, this is typically not simulated by even the most complex
dyno. Needless to say, such conditions are not represented in the emissions oriented
drive cycles mentioned above.
Among modern motorists it is not unheard of to experience intermittent
vehicle malfunction and bring the vehicle to a repair shop only to find that the
problem has disappeared. Indeed, the problem still exists; however the mechanic
does not have the data or the means to replicate it. Although standard drive cycles
can and have been used to attempt to cause the fault again, one must often resort
to driving the vehicle on city streets hoping for it to fail in traffic, often to no avail.
2.4.3 A Case for Data Collection Based Drive Cycles
In both of these scenarios, there lies a case for the use of custom drive cycles
based on collected vehicle data. In the case of highly specialized repetitive cycles
such as motor sport race tracks, the best way to create an accurate model of all the
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losses experienced on the track is from an empirical approach. If the data from a
race car was captured, the same race could be run over and over again. Likewise, if
a vehicle were brought to a mechanic with an intermittent problem and all the drive
data had been collected in real time, the exact conditions that lead up the the
malfunction could be exactly reproduced. Often, the data collected by OEM and
third party telematic devices record enough drive related CAN data to attempt to
replicate these on-road drive cycles on a dyno.
2.5 Related Work
Although there is rather little literature published in this area, some related
work is available from the US Department of Energy, National Laboratories, and
other universities. The related works are discussed here.
2.5.1 Drive Cycles
In the last 10 years, the ability to collect vehicle data has lead to more
customized drive cycles. Compared to the emissions related cycles above, these
cycles more accurately represent the application being studied. For example, Duran
(2011) highlights a software package capable of creating “representative testable
drive cycles... from vehicle data gathered using onboard logging devices.” (p. 1)
This program analyzes thousands of hours of data collected from many vehicles and
condenses all of the vital parameters of the data to produce a short generalised
drive cycle NREL (2013). Similarly, Pelkmans and Debal (2006) created a program
to predict fuel usage and emissions using on road and dynamometer drive cycles as
a real-world input to the model. Although these cycles are based on collected data,
they are still generalized. Moving to an even more customized drive cycle, Carlson
et al. (n.d.) developed a 3.24 mile repeatable on-road driving course. Multiple
models of hybrid electric vehicles drove this course and data was collected from the
vehicle/course combinations. From this data, the Argonne National Laboratory
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City Cycle was created. Unlike emissions related cycles above, this cycle is an
attempt to replicate an actual driven course and not a generalized schema of driving
characteristics.
2.5.2 Data Collection Rate
In the matter of an appropriate data collection rate, the literature
consistently suggests a rate of one Hz or one data collection cycle per second.
Burton, Walkowicz, Sindler, and Duran (2013) and Duran and Walkowicz (2013) for
example use a one second data collection rate. A one second rate was initially
selected for this project, but was later revised and is explained in Section 4.2.4.
2.5.3 Dynamometers
The dynamometer designed for this project is automated. This is achieved
using CAN bus to communicate with a PC that can then control of the dyno and
vehicle. In the litrature, Zhao and Li (2012) discuses a CAN based chassis
dynamometer that would theoretically be capable of reproducing the torque and
speed of an on-road drive cycle CAN data. This appears to be a mathematical proof
with no intention of creating a real-world device. on the other hand, Vaidya and
Bhere (2010) discusses a practical approach to an automated chassis dynamometer
for electric vehicles. Continuing on the work of Zhao and Li (2012), Vaidya and
Bhere (2010), and others above, Chapter 3 outlines the methods used to replicate
an on-road drive cycle using an automated CAN based chassis dynamometer.
2.6 Summary
This chapter provided a review of the literature relevant to replicating
on-road drive cycles using collected vehicle data. Topics discussed include the kinds
and amount of data that modern vehicles produce, the many methods and products
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used to collect this data, and some of the reasons why this data is important. Also
in the chapter, dynamometer history, drive cycles, and an argument for the
existence of data capture to create diagnostic drive cycles from the data were
discussed. The next chapter provides the framework and methodology to be used in
the research project.
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CHAPTER 3. FRAMEWORK AND METHODOLOGY
In this chapter it is demonstrated that data collected from electric go-karts
on the Purdue University Grand Prix Kart Track can be used as a base model for
the comparison and validation of the project. This recorded vehicle data forms a
real world driving scenario. After collecting the data and formatting it into a drive
cycle, the drive cycle was re-created on a modified chassis dynamometer.
3.1 Data Collection Overview
The data collection for this project is a four step process that includes:
• Outfitting an existing electric go-kart with data collection instrumentation.
• Collecting on-road data from the Purdue University Grand Prix Kart Track.
• Outfitting an existing chassis dynamometer to read data from a vehicle.
• Recreating the on-road drive cycle on the dynamometer.
3.2 On Track Data Collection
For this project, an electric go-kart was outfitted with instrumentation to
collect on-road data. This data came from two sources: the CAN (Controller Area
Network) buses of the Battery Management System (BMS) and the Vehicle Control
System (VCS). To collect and store the data, a netbook computer was mounted on
a kart and two software packages were used. These programs are discussed below.
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3.2.1 Battery Management System
The BMS data collection software was provided by EnerDel. This system
uses a CAN to USB adaptor from PEAK-System Technik to gather data from the
vehicles lithium battery. The data is then stored on the hard drive of the netbook.
The software is called Comm Tool 2.11 and is seen in Figure 3.1. Comm Tool 2.11 is
a proprietary software package.
Figure 3.1. An image of Comm Tool 2.11
This data collected by this system includes the voltage and temperature of
every cell in the battery as well as other values such as state of health (SOH) and
state of charge (SOC). This is the same data as described by Bolly, Springer, and
Dietz (2014) and by Bolly, Dietz, and Springer (2014). While many of these values
are beyond the scope of this work, those listed in Table 3.1 will be used to validate
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the functions of the dynamometer. Figure 3.2 shows an example plot of the all cell
voltages over a 100 second run.
Table 3.1
Values Used to Validate the Dynamometer
Name Description
SOC State of Charge
BatCurrent Total battery current/2
Figure 3.2. Example Data from Com Tool 2.11
3.2.2 Vehicle Control System
The VCS data collection software is called Curtis Dash Board and was
written expressly for this project. It is written in LabView and captures data via
the CAN bus of the VCU. A Kvaser Memorator Pro is used to convert from Can
bus to USB. Curtis Dash Board is designed to both provide the driver with feedback
and record data from the vehicle. This tool was developed by the researcher to
address the concerns that “the vehicle should have an appropriate instrument
cluster to provide the driver with information regarding State-of-Charge for power
management and range maximization” (Brace et al., 2009, 2). As seen in Figure 3.3
the dashboard displays many of the normal functions of a traditional vehicle. Some
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values, however, are unique to electric vehicles. Table 3.2 is a comprehensive list of
all values the software displays and records.
Figure 3.3. Curtis Dash Board
Table 3.2
A list of all Values the Curtis Dashboard Displays and Records.
Value Description Notes
Lap mark Beginning of a new lap Driver Input
MPH Miles per Hour Calculated by VCS
Voltage Battery Voltage Measured at VCS
Motor Temp Temperature of AC Motor Degrees C
Controller Temp Temperature of the VCS Degrees C
Odometer Vehicle Odometer Non-resettable
RPM Revolutions per Minute Divided by 10 for Display
Amps RMS Measured at VCU
Time Local Time HHMMSS Added by LabView
Figures 3.4 and 3.5 include a sample run of four laps. The steep vertical lines
are lap markers. To record laps, a momentary contact was connected to one of the
auxiliary switch inputs of the VCU. This input is not logically connected to any
function of the controller, but is available to be read by the data logging netbook.
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Figure 3.4. Example Data from the Curtis Dashboard: RPM & Amps RMS
Figure 3.5. Example Data from the Curtis Dashboard: MPH, Temps, Etc.
3.2.3 The Grand Prix Kart Track
“The Purdue University Grand Prix Kart Track is located at the corner of
McCormick Road and Cherry Lane [in West Lafayette, IN]. The kart track is a 1/3
23
mile, two-lane, asphalt facility, with several turns, a straightaway and pit area. The
infield and surrounding areas are grass” (Shelby, 2010, p. 1). The track can be seen
in Figure 3.6.
Figure 3.6. The Purdue University Grand Prix Kart Track
3.2.4 Data Collection Procedure
To start the data collection, the driver or the researcher opens both Comm
Tool 2.11 and Curtis Dash Board, sets the desired parameters, and starts logging.
After this point, all data collection is automated with the exception of the lap mark
button. Each lap begins and ends under the observation bridge. Because the
on-board vehicle instrumentation is not able to detect the end of a lap, the driver
must presses the lap mark button at the end of each lap. This is recorded in the
data and is visible in Figures 3.4 and 3.5 as a vertical blue line.
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It has been seen that electric vehicle measurements are subject to
inconsistencies due to a cold drive train (Wager, McHenry, Whale, & Brunl, 2014).
Therefore, a normal test run starts with a warm up lap. This is followed by several
full laps. Between each lap the values in Figures 3.4 and 3.5 increase and decrease
as the kart accelerates and decelerates around curves.
3.3 Safety
All research done by INSET at the Purdue University Grand Prix Kart
Track was deemed to be safety oversight Level 3 in accordance with the provided
safety guidelines and appropriate personal protective equipment was used. All test
runs required at least two people to be at the track and a fully charged cellular
phone was maintained as means to contact emergency services in the event that an
emergency were to occur.
3.4 Dynamometer Design
Previous to this project the INSET lab had obtained a set of five inch rollers
for stationary vehicle testing. In previous research, these rollers had been fitted with
a direct current generator and resistor bank to create a rudimentary chassis
dynamometer with only the most basic of controls. The DC generator and resistor
bank has been replaced with an AC motor and a four quadrant variable frequency
drive. These features allow for sufficiently fine control of the rollers to create a
dynamic load that can be controlled by a nearby personal computer. A feedback
loop was added by monitoring the vehicle CAN bus similarly to the method used to
gather the real world data in Section 2.5 above, the system is now able to reproduce




Table 3.3 lists the hardware used to build the dynamometer used for this
project. This dyno can be both passive or active and absorbs energy through the
motor and motor controller. This energy can be reused during some tests. Energy
Reuse is further discussed in 3.5.3. In addition to the hardware listed in Table 3.3, a
PC was used. The PC specifications are unimportant, however, it must be able to
run the custom software used in section 3.4.2
Table 3.3
Dynamometer Hardware Components
Component Manufacturer Model Description
Roller DYNO-mite 970-505 A pair of 5” grooved rollers
Motor HPEVS AC-9 6HP, 18HP peak
Motor Controller Curtis Instruments 1236-6301 48V 300A peak
CAN Adapter Kvaser Memorator Pro - 2 Channel
3.4.2 Software
Two custom pieces of code were used to control the dynamometer, one for
the motor controller and one that runs on a PC. The motor controller program is
written in Curtis Vehicle Control Language and is presented in its entirety in
Appendix A. The program running on the PC includes the user interface
(Figure 3.7) and two Proportional Integral Derivative (PID) control loops. CAN bus
is used as the communication channel between the two programs and a significant
portion of the coding in both programs is dedicated to this function.
3.4.3 Hardware and Software Interaction
In the dynamometer, data flows in and out of hardware and software
continuously. The complex data flow of the system can be seen in Figure 3.8 and
further detail of the PID loops is given in Figure 3.9 and Figure 3.10.
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Figure 3.7. LabView User Interface for Dynamometer Control
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Figure 3.8. Dynamometer Control
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Figure 3.9. RPM PID Control Loop
Figure 3.10. Current PID Control Loop
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3.5 Recreating the Drive Cycle
To replicate the real-world drive cycle on the dynamometer, the throttle of
the unit under test is electronically adjusted by the control software to meet the
required speed at any given time in the drive cycle. Using the feedback loops
discussed in section 3.4.3, the RPM and current of the vehicle is monitored and the
resistance of the dyno is adjusted to keep these values at the measured levels of the
target file.
3.5.1 Target File
The target file is comprised of target values and times to be achieved by the
unit under test. these values could be derived form theoretical drive cycles or, in this
case, from recorded track data. An example target file is available in Appendix C.
3.5.2 Tuning
Drive cycles vary in their difficulty to re-create. Some drive cycles like the
ECE are rather predictable with strait lines and shallow angles. Other more
aggressive cycles like the one used in this project have steep angles and sharp peaks
and valleys. Achieving accurate recreation of these peaks and valleys requires a well
tuned control system. For this reason, the PID tuning parameters are available to
the end user.
3.5.3 Energy Reuse vs Accurate Data
When using an electric absorber dynamometer with an electric vehicle, it is
possible to re use the absorbed energy. If both systems use the same voltage, this
can be done by connecting the DC buses of the dyno and the vehicle together. In
this way, the vehicle battery is stressed less and remains charged for longer.
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Reduced battery stress is typically desirable and this method has become common
practice in power electronics test facilities.
The drive cycle re-creation used in this project is capable of modeling the
strain on all parts of the system. Wile the energy saving method described above is
acceptable for some tests, it will not model the entire system. That is to say, it will
not accurately model the battery strain as seen on the track. Therefore, this the
energy saving method was not used in tests that would have been compromised by
its use.
3.6 Threats to Validity
The intent of this research is to reproduce real-world conditions in a
laboratory setting. Like any simulation, this introduces some inconsistencies. Some
of the conditions that cannot be reproduced on the equipment available are ambient
temperature, vibration, and forces of acceleration. While it is possible to account
for some of these effects, the equipment available to the author does not include
these features. Furthermore, the speed of the equipment to respond to a quickly
changing drive cycle is of high concern. If the system is not able to respond quickly
to the drive cycle, the replicated drive cycle will be compromised.
3.7 Summary
This chapter covered the process of outfitting a kart with data collection
instrumentation, collecting on-road data, dynamometer design, and running the
drive cycle as well as threats to validity. The next chapter provides results and
analysis of the collected data.
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CHAPTER 4. DATA
This chapter is an analysis of the data from stage one and two of the project.
Stage one data (data collected in the field) will include a turn by turn analysis of
the track data and the process of preparing the data into a target file for the
dynamometer drive cycle. Stage two data (drive cycle data) is presented, explained,
analyzed, and evaluated for consistency.
4.1 Analysis of Data Collected in the Field
Data from the track can be seen in Figure 4.1. This is the raw or
unprocessed data as recorded by the equipment described in the previous chapter.
Processing and scaling of the data will be discussed in section 4.2.
Figure 4.1. Raw Data Recorded on Grand Prix Kart Track
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4.1.1 Turn by Turn Analysis of Data
In order to understand the data collected from the Grand Prix kart track,
this section will analyze the data from one lap through each turn. The turns of the
track have been numbered in Figure 4.2. The beginning and end of the track is
denoted by the checkered finish line and an orange “Lap” marker can be seen in the
figure. A green arrow shows the direction of traffic around the track.
Figure 4.2. The Purdue University Grand Prix Kart Track with Numbered Turns
Using the numbered corners on the track, the recorded data can be followed
turn by turn. This has been done in Figure 4.3. This graph includes RPM, Amps,
Lap Mark, and Throttle. Although this chart displays valid and meaningful data,
the raw values in this chart have not been scaled. Unscaled data is used here
because the scaled and processed data is difficult to display on a single chart. The
only exception is that of the RPM values. These values are recorded at a one-to-one
value and therefore, the raw values happen to be correct.
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Figure 4.3. Track Data with Numbered Turns
At the beginning of the lap the throttle is completely depressed and vehicle
is accelerating. Two seconds later, the throttle is released as the driver prepares for
turn one. In turn one, the speed reaches a valley of 3000 RPM and there is an
increase of current as the driver accelerates through the turn. Turn number two is
visible only by a small divot in vehicle speed and the throttle is not released.
Around 112 seconds, the throttle is released in preparation for the hairpin turn
(number three). The accompanying current spike is exceptionally large and will be
addressed in section 4.2.4. After the hairpin, we see the current closely tracking the
throttle through turns four, five and six. In each turn, the dip in speed is
accompany by or followed by a spike in current as the driver accelerates through the
turn. Turn seven is taken at a relatively high speed; however, the driver releases the
throttle just before the turn. This is seen again just before eight and nine.
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4.2 Data Preparation
After the data was recorded from the EnerDel and Curtis systems, some
processing and scaling was necessary. The following sections address these issues.
4.2.1 Scaling
Data transmitted over Controller Area Network (CAN) bus is transmitted in
discrete packets. These packets may be of varying size or type. A value may require
several packets or there may be several values in one packet. For this reason a value
must be scaled after it is received. As an example, the RMS current values received
from the motor drive are transmitted over the CAN bus as an integer 0 to 9999. It
is the responsibility of the receiving device to interpret this as 0 to 999.9 by dividing
by a factor of ten. Furthermore, the motor current in the drive is limited to a peak
of less than 400 amps and anything larger than this would be erroneous. This
information is found in the literature for the drive and can be interpreted by a
person, but there is no file allowing a computer to automate the scaling process for
the hundreds of available signals. Much of the author’s time on this project was
spent manually setting, checking and re checking these scaling factors.
The EnerDel communication system works in much the same way as the
motor drive, however, there exists an interpretation file allowing a computer to scale
the signals using the manufactures scaling information. These values took less time
to scale.
4.2.2 Time Line Matching
In this project, data was collected from two sources. These sources provided
data at different rates. The first challenge was to collect both sets of data in a way
that would provide a synchronized time stamp. One method for this is described in
chapter three 3.2. This method, however, records Battery Management System
(BMS) data at a rate of every second or less. A method described in Appendix B
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demonstrates a method for gathering data at no less than every 20 milliseconds.
This process produces the high resolution data seen in Figure 4.7.
This data is available in high resolution, however, the data recorder uses 100
microsecond intervals to note the time the data was received. Because data can be
sent in packets, several signals will arrive within a few hundred microseconds of each
other, then there may be no additional signals for 10,000 microseconds or so. To
make this problem worse, the data from the both systems arrive at different
intervals. Conveniently, the data from the BMS happens to arrive at a rate of
exactly 20 milliseconds. By aligning the motor controller values with this consistent
BMS data, an even, high resolution data file was created. This file was used as the
target file for all drive cycle runs.
4.2.3 Noise Reduction and Smoothing
The raw data collected form the track exhibited problematic phenomena
characteristic of any empirical data. These inconsistencies included measurement
errors, measurement noise, and jitter. As an example, at one point during the data
collection, the drive chain became loose and occasionally skipped a gear cog. This
created a momentary artificial increase in the RPM during acceleration or an
artificial decrease in RPM during deceleration. The increases and decreases show up
as drastic spikes in Figure 4.4. Similarly, if the driver applies the mechanical brake
rapidly, the tires may cease rotating for a short time while the vehicle is still
moving. These phenomena would be difficult to reproduce on the test equipment.
Also, reproducing errors such chain skipping would be undesirable. For these
reasons, the data was smoothed using a continuous symmetric smoothing function
as described in Appendix B. In short, a new data set is created by averaging the
last five and the next five data points such that the number of points in the new
data set is the same as the original. This smoothed data was used for the target files
on the dynamometer tests.
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Figure 4.4. Chain Skip Seen in Raw RPM Data
4.2.4 Reconciling Problematic Data
Looking at the time between the beginning of the lap and turn three in
Figure 4.5, it can be seen that when the throttle is completely depressed, the
current is mostly constant. This can also be seen between turn seven and eight.
Furthermore, when the throttle is released the current approaches zero. If the
throttle is varied between zero and full, the current mimics this motion as seen
between turns three and six. In this way, it can be seen that a decrease in throttle
causes a decrease in current and this causes a decrease in speed.
There are, however, four exceptions to this rule. On turns three and nine,
and to a lesser extent, on six and eight, the throttle remains at full, the current
increases dramatically, and yet, the speed reduces. The explanation for this lies in
the fact that the test vehicle does not have a brake interlock. Therefore, the motor
controller cannot sense if the mechanical brake is being used. If the driver presses
the throttle and the brake at the same time, the motor controller will deliver as
much current as is available. This is what is happening on turns three, six, eight,
and nine. In an effort to remain true to the original data, these current spikes were
left unchanged in the dynamometer drive cycle. However, the spike in turn three
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Figure 4.5. Acceleration and brakeing in Raw Data
approaches the current limit of the motor controller and caused errors in the drive
cycle tests. Therefore, this spike was reduced by ten percent, not eliminating the
spike but bringing the values to levels comparable to those in turn nine.
4.3 Analysis of Data Collected in the Lab
The data described above was used as the target file for a dynamometer
drive cycle as prescribed in Chapter Three. Here the results of that drive cycle are
examined and compared to the target data. Figure 4.6 displays the smoothed
current and RPM used in the target file. Figure 4.7 is a closer view of a single lap
from this same data set. For ease of comparison, RPM is displayed at a factor of
one tenth its true value and this is true for all RPM values and RPM error values in
the following sections.
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Figure 4.6. Smoothed Data from the Track: RPM & Amps RMS
Figure 4.7. Smoothed Data from the Track: RPM & Amps RMS (One Lap)
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4.3.1 Comparison of RPM on the Track and on the Dynamometer
Figure 4.8 displays the target RPM, the RPM achieved during the test, and
the error calculated using Equation (4.1). Figure 4.9 displays the percent RPM
error achieved during the test. The percent error is calculated using Equation (4.2).
When the drive cycle test begins, the target data is some non-zero number and the
control loop requires a finite amount of time to adjust. This is the cause of the error
seen in the first few seconds of Figure 4.9.The average error for the entire run
excluding warm up and cool down laps is 3.23%.





4.3.2 Comparison of Current on the Track and on the Dynamometer
Figure 4.10 displays the target current, the current achieved during the test,
and the error calculated using Equation (4.3).
CurrentError = CurrentTarget − CurrentAchieved (4.3)
Figure 4.11 displays the percent current error achieved during the test. The
percent error is calculated using Equation (4.4). When the drive cycle test begins,
the Target data is some non-zero number and the control loop requires a finite
amount of time to adjust. This is the cause of the error seen in the first few seconds
of Figure 4.11. The average error for the entire run excluding warm up and cool






Figure 4.8. Comparison of track RPM and Unit Under Test RPM
Figure 4.9. % Error of Reproduced RPM
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Figure 4.10. Comparison of track Current and Unit Under Test Current
Figure 4.11. % Error of Reproduced Current
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4.3.3 Comparison of Energy on the Track and the Dynamometer
To establish a measurement of the dynamometer drive cycle’s ability to reproduce
energy consumption similar to that of the field data, the cumulative energy was
calculated using Equation 4.5. The average error for the lap shown in Figure 4.12 is
0.49%.










4.3.4 Repeatability as Indicated by Standard Deviation
To establish a measure of repeatability, a drive cycle was repeated eight
times in a row, the warm up and cool down laps were removed from the data set
and the remaining six laps were compared side by side. The standard deviation was
calculated for every data point in the lap over all six laps. This point by point
deviation resulted in Figure 4.13 and Figure 4.15. This deviation is exceptionally
low and difficult to see when presented at the same scale as the current and RPM
data, therefore, Figures 4.14 and 4.15 are enlarged for clarity.
Figure 4.13. Standard Deviation of Reproduced RPM (at Scale)
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Figure 4.14. Standard Deviation of Reproduced RPM (Enlarged Scale)
Figure 4.15. Standard Deviation of Reproduced Current (at Scale)
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Figure 4.16. Standard Deviation of Reproduced Current (Enlarged Scale)
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4.4 Summary
This chapter was an analysis of the data from stage one and two of the
project. Discussion on stage one data (data collected in the field) included a turn by
turn analysis of the track data and the process of preparing the data into a target
file for the dynamometer drive cycle. Stage two data (drive cycle data) was
presented, explained, analyzed, and evaluated for consistency.
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CHAPTER 5. RECOMMENDATIONS & SUMMARY
5.1 Recommendations
The usefulness of this method of drive cycle re-creation demonstrated itself
even before the project was complete. Notably, close examination of the target file
lead to the discovery of the need for break interlocks and the use of the provided
data collection software identified flaws in previously used data collection methods.
5.1.1 Break Interlocks
In section 4.2.4 Reconciling Problematic Data, it was seen that a large
amount of energy was wasted during times when the driver pressed the throttle and
the break at the same time. This wasted energy can be avoided by simply using the
integrated break interlock input on the vehicle control system (VCS). This interlock
would cause the VCS to ignore throttle input if the break is being pressed.
Alternatively, using the integrated regenerative breaking system as the primary
break and making the mechanical breaks secondary would achieve the same result.
5.1.2 BMS Data Collection Method
In the beginning of the project, the Comm Tool 2.11 program was being used
to collect data from the BMS. Although this program will accept any value for the
recording period, the lower limit is around one second. Thus, it is appropriate for
low resolution data or for long discharge cycles. The method described in




There are many additions and improvements that the dynamometer could
benefit from in the future. There is no limit to the number of equipment accessories
that would be useful in vehicle research, however, some of the most relevant
improvements have been identified here.
5.2.1 CAN bus delay time
To re-create racing drive cycles requires quick processing of the target file
and received values. As the system stands, the weakest link in the chain is the CAN
bus. Data from the unit under test must be transmitted from the dynamometer to
the PC for processing and back to the dyno. This means that the data has been
sent across the CAN bus twice before it is implemented at the dyno. These delays
could be omitted if the computations were completed in the dyno processor. In this
manner, the PC program would need only to send the target file to the dyno
processor and a few commands such as emergency shutdown or abort test. The dyno
would still send live data to the PC where it could be monitored and recorded. The
Curtis 123X controller used in this project is capable of performing this processing.
The upgrade would require extensive modifications to the custom program written
in VCL in Appendix A.
5.2.2 Throttle Actuator
In order to control a test vehicle, the dynamometer uses a digital to analog
converter to adapt a digital signal into a zero to ten volt signal. This signal is fed
into the electronic throttle input of the unit under test. In some situations, this is
not possible. The UUT may be looking for a resistance input or may not be
electrical at all as in the case of a gasoline go-kart. for such cases, adding a
mechanical throttle actuator could solve this problem. An actuator with a zero to
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ten volt absolute position reference would be able to connect directly to the existing
throttle output without altering the system programming.
5.3 Summary
This study demonstrated that a drive cycle can be recorded using natively
collected data. This was done by instrumenting a test vehicle with a recording
device and using this data to develop a drive cycle that can be applied using a
chassis dynamometer. A dynamometer was built to handle the additional data
needed.
To reduce the complexity of the project data was collected from an electric
go-kart using onboard sensors built into the vehicle motor controller and battery
management system. This vehicle was driven around a go-kart track and data was
collected. The RPM and currents recorded on the track were used as a target file for
the dynamometer drive cycle. The dynamometer was able to recreate the drive
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CHAPTER A. CURTIS VEHICLE CONTROL LANGUAGE CODE
This appendix is composed of the custom code used in the dynamometer
motor controller. This code is written in Curtis Vehicle Control Language. For more




The code is presented in plain text below.
;===============================================================





; Copyright 2014, all rights reserved
; INSET Lab Purdue







;This program demonstrates how to send and receive RPM and torque to and
from a Curtis 123X using ;CAN communication and includes functionality




;This program uses the CAN port for communication to a PC, PWM6 (DAC) to





















; CAN System Demonstration
;=========================
;










; CAN Bus IDs
MASTER_ID_1 constant 2 ; ID of the master unit
;Should make these changeable via 1311
MASTER_ID_2 constant 3 ; ID of the master unit
;Should make these changeable via 1311
MASTER_ID_3 constant 4 ; ID of the master unit
;Should make these changeable via 1311






; These variables are used when sending and receiving SDOs.
sdo_data_1 equals user1
; Holds the data to be sent when sending SDOs
sdo_data_2 equals user2
; Holds the data to be sent
sdo_data_3 equals user3
; Holds the data to be sent
sdo_data_4 equals user4
; Holds the data to be sent
sdo_data_5 equals user5
; Holds the data to be sent
sdo_data_6 equals user6
; Holds the data to be sent
sdo_data_7 equals user7
; Holds the data to be sent
sdo_data_8 equals user8
; Holds the data to be sent
sdo_data_9 equals user9
; Holds the data to be sent
sdo_data_10 equals user10
; Holds the data to be sent
sdo_data_11 equals user11
; Holds the data to be sent
sdo_data_12 equals user12
; Holds the data to be sent
sdo_in_data_1 equals user13
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; Holds the data when receiving SDOs
sdo_in_data_2 equals user14
; Holds the data received
sdo_in_data_3 equals user15
; Holds the data received
sdo_in_data_4 equals user16
; Holds the data received
control_bits equals user20
; Bits from Labview
;---------------------------------------------------------------------
; One Time Setup
;---------------
; -In this section of code we do all one-time initializations.
call Startup_CAN_System ; Start CAN System Messaging
;Interlock_Type=2
;SET_INTERLOCK()
;Interlock_State=On ;turn on Interlock so we can move the motor






; Main Program Loop
;------------------
; -Each time user3 is set, the mailbox will be sent. You can examine
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; the CAN_msg_sent variable to see that the bit corresponding to CAN6
; has been set.
;
main_loop:
;Use these lines to display the SDO ID on the spy glass display.
;Put_Spy_Message("ID =", sdo_in_id, "", psm_hex)
;call Delay
;Put_Spy_Message("Data", sdo_in_data, "", psm_hex)





;Conditional input to handle kart direction. Not implemented in
hardware yet.
if (control_bits.1= on) ;Forward/neut to cart
{Set_digOut (DigOut6)}
else{Clear_digOut (DigOut6)}




























; Startup_CAN_System - Startup the CAN subsystem
;-----------------------------------------------
; -This routine starts up the CAN system. We send out NMTs and SDOs
here to initially configure the system.
;
Startup_CAN_System:
;setup_can(CAN_125KBAUD, 0, 0, 0, 1) returned to user control ajl 1/20/14
; Setup an SDO mailbox so we can Send Data
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setup_mailbox(CAN6, SDO_MOSI, MASTER_ID_1, SLAVE_ID, C_EVENT, C_XMT, 0, 0)
setup_mailbox_data(CAN6, 8, ;125kb,no sync,null,null,no autorestart
@sdo_data_1 + USEHB, sdo_data_1,
@sdo_data_2 + USEHB, sdo_data_2,
@sdo_data_3 + USEHB, sdo_data_3,
@sdo_data_4 + USEHB, sdo_data_4)
; Setup another SDO mailbox so we can Send Data
setup_mailbox(CAN7, SDO_MOSI, MASTER_ID_2, SLAVE_ID, C_EVENT, C_XMT, 0, 0)
setup_mailbox_data(CAN7, 8, ;125kb,no sync,null,null,no autorestart
@sdo_data_5 + USEHB, sdo_data_5,
@sdo_data_6 + USEHB, sdo_data_6,
@sdo_data_7 + USEHB, sdo_data_7,
@sdo_data_8 + USEHB, sdo_data_8)
; Setup another SDO mailbox so we can Send Data
setup_mailbox(CAN8, SDO_MOSI, MASTER_ID_3, SLAVE_ID, C_EVENT, C_XMT, 0, 0)
setup_mailbox_data(CAN8, 8, ;125kb,no sync,null,null,no autorestart
@sdo_data_9 + USEHB, sdo_data_9,
@sdo_data_10 + USEHB, sdo_data_10,
@sdo_data_11 + USEHB, sdo_data_11,
@sdo_data_12 + USEHB, sdo_data_12)
; Setup an SDO mailbox so we can Receive Data
setup_mailbox(CAN9, SDO_MISO, MASTER_ID_1, SLAVE_ID, C_EVENT, C_RCV, 0, 0)
setup_mailbox_data(CAN9, 8,
@sdo_in_data_1 + USEHB, sdo_in_data_1,
@sdo_in_data_2 + USEHB, sdo_in_data_2,
@sdo_in_data_3 + USEHB, sdo_in_data_3,
@sdo_in_data_4 + USEHB, sdo_in_data_4)





; Delay 20ms delay
;-----------------------------------------------
; -This routine pauses the program for 20 milliseconds when called.
Delay:
Setup_Delay(DLY1, 20)
while (DLY1_Output <> 0) {}
return
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CHAPTER B. KVASER TOOL SETUP AND ANALYSIS
The following is an explanation of the setup of the data collection system used to gather
high resolution data for this study. Data smoothing is also demonstrated here.
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Preparing the Data Logger 
 
Before proceeding, download and install the Kvaser memorator drivers and “Kvaser Memorator Tool” From http://www.kvaser.com/downloads/ 
 
For this document I am using version 3.01.110 of the Kvaser Memorator Tool. 
 
 
Figure 1. Version 3.01.110 of the Kvaser Memorator Tool 




2. Select open and browse to the directory this document is in. 
3. Open the “Enerdel on Ch1 Curtis on Ch2.kmc” file. You may receive warnings. 
  
This is because the database references need to be updated.   
 






5. To do update the databases select “Databases” from the left column and click “Add” at the bottom of the screen. 





6. Add both the EnerDel database “A306_VBus_A9.dbc” and the Curtis database “Andrews Dyno Decode File2.dbc”. 
 
 









8. This warning indicates that the new databasses have changede. You need to check the Transmit Lists.  
  
 








10. You are now ready to download the configuration to the logger. Connect the device to the SUB port and click “Connect”. 
11. Select your device.  
 
 







Collecting the Data 
 
You should now be able to collect data from the EnerDel and Curtis systems. Data can be collected from either or both systems, but channel 
numbers do matter and are as follows: 
Chanel 1- EnerDell MLEC and Power 
Chanel 2- Curtis 123X 
 
Notes:  Remember to terminate each CAN bus with a resistor.  
The logger starts collecting data as soon as it is powered 







Retrieving the Data 
 
1. Connect the logger to the computer and open the Kvaser Memorator Tool. 
 
2. In the left column select Flash disk/Log files. 
 
 
3. Select “List files” then “Extract files”  
 
4. On the next screen chose the destination and file options you would like.  
 
5. On the next screen chose the format you would like. There are many options. If you don’t have complex analysis tools you will want to 
choose a CSV or plain text format.  If you chose “CAN frames” skip the next 2 steps. 
 
6. Select “Selected signals in CSV format” and click next. 
 
7. Click “Remove All” then “Add All” (This insures that there are no doubles and no lost information. See Interpreting the Data below for 





8. Click next. 
 






10. You should receive a confirmation message and the file/files will be placed in the location you specified. 
 
 








Interpreting the Data 
EnerDel MLEC data 
In the CSV that was created, the MLEC data is mostly straightforward; however, it has many blank or irrelevant values. An .xls file can be found in 
the same directory. This file has much of the irrelevant data removed and some of the most relevant data highlighted. (You can avoid some of 
this clutter by only selecting the signals you are interested in at step 7 in Retrieving the Data above.) 
 
Curtis 123X Data 
The data from the Curtis is not as straightforward. This data is delivered in CANopen and must be interpreted using an object dictionary. A copy 
of the dictionary is included in this folder.  Note that the values in the dictionary are in HEX but excel will display values in decimal.  
Using if statements, excel can be set up to interpret the data and index fields into meaningful information.  An example of this is available in the 
XLS file and is seen in the image below. 
 
In this example, RPM, MPH, Motor temp, and Voltage are not displayed. This is because they were not requested. To request these values, or 




Data Analysis  
Once the data has been sorted and irrelevant or empty spaces have been removed, the remaining data can be displayed in a graph. You must 
check the timestamps to see if the data arrived in regular intervals. If data updates in regular intervals a linear graph can be used. If timestamps 
are irregular, a scatterplot must be used using the recorded timestamp as the X value.  An example of raw data is seen bellow.  
In this chart, the RPM is displayed at 1/10 scale to improve so that detail in the current can be seen. 
 

















































































































































































































































It may be necessary to remove some noise from the data. This can be done using a smoothing function. Here I am will use a continuous 

































































































For reference, the same data is displayed here with various continuous smoothing function periods. 
 
































































































































































































































































































































































































































































































































































Adding Custom Requests 
 
 
1. Select “transmit list” in the left column. 
 




3. Chose CAN 1 for MLEC values or CAN 2 for Curtis. 
 
4. On the next screen, select “Chose a CAN message to transmit” 
5. For EnerDel, chose the signal of your choice. For Curtis, chose “From_PC” 




7. Modify the values as needed. For Curtis request messages,  CCS should be 64, Data should be 0, and chose the Index and Sub-Index  





CHAPTER C. EXAMPLE TARGET FILE
This is an abridged version of the target file used in the dynamometer tests conducted in
chapters three and four.
Table C.1: Example Target File
Time MPH Voltage Lap Smooth Smooth BMS Track Track
Stamp Mark RPM Amps Amps RPM/10 Amps
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
92.0 27.2 43.3 0.0 0.0 15.0 2.5 0.0 15.0
92.2 27.0 43.1 0.0 6.0 39.0 12.2 5.0 60.0
92.4 27.3 40.0 0.0 10.0 51.0 25.7 10.0 60.0
92.6 27.8 39.9 0.0 18.0 49.5 155.8 15.0 60.0
92.8 27.7 40.1 0.0 22.5 55.5 181.9 20.0 60.0
93.0 27.0 39.8 0.0 27.5 60.0 196.0 25.0 60.0
93.2 26.8 39.3 0.0 32.5 60.0 200.1 30.0 60.0
93.4 27.9 39.9 0.0 37.5 60.0 198.6 35.0 60.0
93.6 28.1 39.3 0.0 42.5 60.0 196.5 40.0 60.0
93.8 28.7 39.9 0.0 47.5 60.0 195.4 45.0 60.0
94.0 28.8 39.3 0.0 52.5 60.0 192.8 50.0 60.0
94.2 28.4 39.9 0.0 57.5 60.0 192.8 55.0 60.0
94.4 29.0 39.5 0.0 62.5 60.0 190.5 60.0 60.0
94.6 29.4 40.1 0.0 67.5 60.0 189.6 65.0 60.0
94.8 30.2 39.9 0.0 72.5 60.0 185.3 70.0 60.0
95.0 30.8 40.2 0.0 77.5 60.0 180.4 75.0 60.0
95.2 30.8 39.4 0.0 82.5 60.0 183.2 80.0 60.0
95.4 30.5 39.9 0.0 87.5 60.0 186.0 85.0 60.0
95.6 29.9 39.7 0.0 92.5 60.0 186.6 90.0 60.0
continued on next page
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Table C.1: continued
Time MPH Voltage Lap Smooth Smooth BMS Track Track
Stamp Mark RPM Amps Amps RPM/10 Amps
95.8 29.8 39.0 0.0 97.5 60.0 190.9 95.0 60.0
96.0 28.7 39.6 0.0 102.5 60.0 198.0 100.0 60.0
96.2 27.3 39.4 0.0 107.5 60.0 202.2 105.0 60.0
96.4 27.0 39.6 0.0 112.5 60.0 206.3 110.0 60.0
96.6 26.3 38.8 0.0 117.5 60.0 209.3 115.0 60.0
96.8 26.5 39.7 0.0 122.5 60.0 208.0 120.0 60.0
97.0 26.8 39.3 0.0 127.5 60.0 204.6 125.0 60.0
97.2 27.3 39.8 0.0 132.5 60.0 201.0 130.0 60.0
97.4 27.6 43.2 0.0 137.5 60.0 17.1 135.0 60.0
97.6 27.2 43.3 0.0 142.5 60.0 5.2 140.0 60.0
97.8 27.1 43.3 0.0 147.5 60.0 0.7 145.0 60.0
98.0 26.7 43.2 0.0 152.5 60.0 0.1 150.0 60.0
98.2 26.4 43.2 0.0 157.5 60.0 5.9 155.0 60.0
98.4 26.3 38.5 0.0 162.5 60.0 23.3 160.0 60.0
98.6 28.5 39.9 0.0 167.5 62.0 29.7 165.0 60.0
98.8 28.2 42.9 0.0 172.5 65.0 20.5 170.0 60.0
99.0 23.8 43.2 0.0 177.5 69.6 9.5 175.0 60.0
99.2 22.2 43.3 0.0 182.6 81.6 4.3 180.0 60.0
99.4 20.8 43.3 0.0 188.7 100.1 2.3 185.0 60.0
99.6 20.4 43.3 0.0 195.2 117.6 0.9 190.0 80.0
99.8 20.3 43.3 0.0 201.6 135.7 5.3 195.0 90.0
100.0 20.5 41.0 0.0 207.4 153.5 23.0 200.0 105.8
100.2 21.0 39.5 0.0 213.3 171.5 29.6 205.5 180.6
100.4 22.7 38.8 0.0 219.6 187.2 182.5 221.8 244.1
100.6 23.0 39.2 0.0 225.8 201.1 198.4 229.6 235.4
100.8 24.2 39.3 0.0 230.9 214.8 213.6 233.8 241.1
continued on next page
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Table C.1: continued
Time MPH Voltage Lap Smooth Smooth BMS Track Track
Stamp Mark RPM Amps Amps RPM/10 Amps
101.0 24.0 39.0 0.0 235.6 227.0 221.5 233.4 237.9
101.2 23.8 39.0 0.0 239.7 230.7 220.6 239.0 239.8
101.4 25.5 38.9 0.0 242.7 228.1 212.3 248.1 216.8
101.6 25.9 39.4 0.0 246.1 225.2 211.2 251.6 219.1
101.8 25.6 38.9 0.0 249.6 221.5 214.9 246.5 227.3
102.0 25.4 39.1 0.0 253.8 216.5 215.3 246.2 227.5
102.2 25.4 38.8 0.0 258.3 211.8 215.3 247.4 218.2
102.4 25.8 39.6 0.0 262.4 207.8 208.9 251.1 217.4
102.6 26.4 39.0 0.0 267.1 203.8 198.8 263.4 206.6
102.8 27.3 39.9 0.0 272.6 198.1 192.4 269.2 204.8
103.0 28.3 39.4 0.0 278.6 192.7 189.8 275.0 187.6
103.2 29.3 40.1 0.0 285.4 187.1 188.1 284.5 192.2
103.4 29.7 39.2 0.0 292.0 182.3 185.1 288.7 177.3
103.6 30.7 40.0 0.0 298.3 177.9 183.0 298.5 178.7
103.8 31.0 39.3 0.0 304.2 173.7 179.3 301.9 171.0
104.0 31.5 40.2 0.0 310.2 170.8 176.1 306.7 173.2
104.2 32.2 39.6 0.0 315.6 167.0 173.8 314.7 161.7
104.4 32.7 40.2 0.0 320.6 164.3 172.1 317.4 169.6
104.6 33.4 39.9 0.0 325.1 161.0 169.3 325.9 163.3
104.8 33.9 40.5 400.0 329.6 159.2 167.6 328.6 162.6
105.0 34.4 39.3 0.0 334.1 156.5 165.0 335.0 158.4
105.2 34.8 40.2 0.0 337.9 155.6 163.5 338.4 154.2
105.4 34.8 39.9 0.0 341.6 148.3 161.6 338.8 150.2
105.6 35.4 39.5 0.0 344.0 136.6 160.9 343.8 146.2
105.8 35.5 40.5 0.0 345.8 122.6 160.1 346.5 152.7
106.0 36.1 39.9 0.0 346.2 108.0 158.1 351.8 146.3
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106.2 36.4 40.5 0.0 346.5 105.3 156.4 352.9 152.5
106.4 36.5 39.8 0.0 346.6 104.8 26.3 353.9 96.9
106.6 36.1 42.9 0.0 346.3 104.6 13.0 350.5 45.8
106.8 35.8 43.0 0.0 344.5 104.7 6.7 346.4 22.9
107.0 35.3 42.5 0.0 342.8 106.5 8.6 338.6 12.2
107.2 35.4 40.6 0.0 340.1 107.5 24.3 341.3 127.4
107.4 35.0 40.4 0.0 336.4 115.1 128.4 340.0 144.9
107.6 35.2 40.1 0.0 331.7 128.4 140.8 341.5 144.4
107.8 34.3 40.2 0.0 326.8 143.8 157.9 328.5 154.1
108.0 36.1 40.0 0.0 323.1 160.5 163.1 334.6 164.0
108.2 33.5 39.3 0.0 319.8 165.1 170.3 325.8 162.5
108.4 32.4 39.8 0.0 316.6 168.0 175.1 316.7 173.0
108.6 31.5 39.7 0.0 313.7 170.2 181.5 303.7 178.8
108.8 30.6 39.2 0.0 312.8 171.3 183.4 297.5 177.0
109.0 31.0 39.9 0.0 311.8 170.8 178.3 301.3 179.0
109.2 31.9 39.8 0.0 311.5 171.1 175.9 308.1 173.1
109.4 31.9 40.2 0.0 312.2 170.8 174.8 308.2 174.3
109.6 32.2 39.2 0.0 314.5 168.6 170.1 312.7 165.8
109.8 32.8 40.3 0.0 317.7 167.4 167.6 319.3 165.4
110.0 33.1 39.4 0.0 320.9 165.2 165.8 325.1 158.9
110.2 33.6 39.8 0.0 323.1 164.2 163.7 322.6 165.8
110.4 33.4 40.0 0.0 325.3 162.1 162.6 323.7 169.7
110.6 33.7 40.3 0.0 327.6 161.4 162.4 326.0 157.3
110.8 34.1 40.1 0.0 329.5 160.0 164.1 329.9 164.9
111.0 34.1 39.9 0.0 331.2 159.6 162.6 333.6 157.0
111.2 34.0 40.4 0.0 333.4 159.0 162.2 329.8 162.9
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111.4 34.0 39.2 0.0 335.7 157.5 160.5 330.1 153.4
111.6 34.5 40.3 0.0 338.1 157.1 160.1 335.5 158.3
111.8 34.9 39.7 0.0 340.3 155.2 158.6 338.2 151.8
112.0 35.2 40.5 0.0 341.5 144.1 158.8 342.1 154.9
112.2 35.4 40.3 0.0 342.7 130.7 156.4 345.0 160.2
112.4 35.5 40.3 0.0 343.3 117.2 155.8 346.3 153.9
112.6 36.0 40.5 0.0 342.9 103.6 154.9 350.1 153.3
112.8 36.2 39.6 0.0 342.0 90.8 27.5 351.9 146.5
113.0 35.7 42.9 0.0 340.0 77.2 6.1 345.9 46.2
113.2 35.3 43.0 0.0 337.1 63.3 1.4 342.0 28.5
113.4 34.5 43.0 0.0 333.5 49.2 0.0 335.8 18.8
113.6 34.2 43.1 0.0 329.1 35.7 1.6 331.9 22.3
113.8 34.0 43.0 0.0 323.1 22.5 1.2 328.8 23.1
114.0 33.1 43.0 0.0 317.2 19.2 1.4 321.8 19.6
114.2 32.6 42.9 0.0 310.7 19.2 0.7 316.4 20.7
114.4 31.8 43.1 0.0 305.9 34.2 0.0 310.8 13.3
114.6 31.4 43.1 0.0 301.3 49.9 0.2 305.7 17.7
114.8 30.1 42.8 0.0 295.8 67.0 1.6 292.1 15.1
115.0 29.6 42.9 0.0 289.8 85.2 1.8 286.9 12.7
115.2 28.6 40.2 0.0 281.7 103.3 19.1 276.8 28.2
115.4 29.7 39.3 0.0 273.2 122.3 28.2 287.5 169.0
115.6 29.4 39.4 0.0 263.7 140.9 172.3 285.9 179.8
115.8 28.3 38.8 0.0 253.8 159.9 188.3 274.5 194.0
116.0 27.3 38.8 0.0 244.3 179.3 205.0 261.4 201.0
116.2 24.2 38.3 0.0 235.2 199.7 218.3 235.8 202.0
116.4 23.2 38.5 0.0 226.2 206.7 231.6 225.6 203.0
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116.6 21.9 38.0 0.0 219.3 213.1 251.5 210.6 204.0
116.8 19.9 37.9 0.0 214.5 218.4 268.6 193.3 205.0
117.0 19.7 37.4 0.0 211.8 222.0 274.8 191.2 206.8
117.2 19.1 37.7 0.0 212.7 218.4 281.2 186.3 232.0
117.4 20.1 38.1 0.0 214.6 204.6 264.1 197.3 238.9
117.6 22.0 38.6 0.0 218.1 186.8 244.6 217.2 243.9
117.8 23.3 39.0 0.0 222.9 169.8 229.2 226.3 247.8
118.0 24.1 38.5 0.0 228.8 166.1 214.0 234.6 236.3
118.2 25.2 42.8 0.0 235.7 160.4 27.5 244.6 166.0
118.4 25.2 42.8 0.0 241.4 152.2 11.4 244.9 65.2
118.6 25.3 42.8 0.0 244.7 134.2 3.7 245.6 25.8
118.8 24.9 42.3 0.0 246.9 114.6 16.3 241.0 35.3
119.0 25.5 39.7 0.0 247.7 95.3 27.2 249.9 170.0
119.2 26.1 39.6 0.0 248.8 95.8 153.4 255.2 174.6
119.4 26.2 42.4 0.0 250.9 107.3 29.1 254.6 157.2
119.6 25.8 42.5 0.0 253.1 124.7 20.5 250.3 63.5
119.8 25.5 42.5 0.0 255.2 141.8 16.7 247.8 52.1
120.0 25.0 40.9 0.0 255.5 146.4 16.4 243.2 43.6
120.2 26.3 39.2 0.0 255.2 150.2 27.2 255.6 171.0
120.4 27.5 39.6 0.0 254.6 156.4 165.2 265.9 179.5
120.6 27.2 39.3 0.0 254.6 165.2 184.0 267.1 199.9
120.8 26.9 39.0 0.0 254.8 163.1 197.7 262.0 206.6
121.0 26.2 39.1 0.0 255.1 161.4 204.6 253.5 216.4
121.2 26.0 38.3 0.0 255.5 156.9 207.4 252.3 212.1
121.4 25.6 39.2 0.0 255.5 158.1 208.0 248.3 218.8
121.6 25.8 42.9 0.0 255.1 157.7 19.9 250.4 151.7
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121.8 25.7 42.8 0.0 254.3 157.8 6.4 249.7 31.7
122.0 25.4 42.7 0.0 254.3 156.8 7.0 246.3 26.3
122.2 25.7 38.0 0.0 252.4 158.8 23.7 259.0 125.7
122.4 27.3 39.6 0.0 250.8 160.8 29.9 266.5 191.4
122.6 27.3 39.6 0.0 248.4 170.0 182.1 262.5 195.9
122.8 26.2 39.0 0.0 246.5 191.6 199.2 254.4 207.7
123.0 26.1 38.2 0.0 245.1 213.0 210.8 254.0 206.8
123.2 24.2 39.0 0.0 243.8 222.6 220.0 232.8 232.0
123.4 23.8 38.7 0.0 241.8 225.5 224.5 232.1 238.9
123.6 23.4 38.7 0.0 241.9 225.9 226.2 226.6 243.9
123.8 23.7 38.8 0.0 243.0 225.5 224.5 230.5 247.8
124.0 23.8 39.0 0.0 244.6 224.2 220.6 232.9 240.1
124.2 24.7 39.0 0.0 249.3 220.5 212.1 245.6 221.1
124.4 25.1 39.6 0.0 254.1 215.3 206.3 246.9 220.8
124.6 26.9 38.9 0.0 260.5 208.8 197.3 263.0 200.2
124.8 27.2 39.4 0.0 266.8 201.1 194.5 265.5 203.6
125.0 27.5 39.0 0.0 273.5 194.3 188.1 270.1 193.7
125.2 28.8 39.8 0.0 279.3 188.9 185.1 279.6 195.2
125.4 28.9 38.8 0.0 285.0 184.5 183.0 280.2 186.1
125.6 29.6 39.9 0.0 289.5 181.6 181.0 290.6 179.6
125.8 30.0 38.8 0.0 293.9 177.7 179.3 293.9 170.7
126.0 30.8 39.6 0.0 298.5 175.3 177.6 299.3 171.5
126.2 31.2 39.3 0.0 302.1 171.6 178.1 304.0 167.7
126.4 31.5 39.7 0.0 305.6 170.1 177.4 304.2 176.7
126.6 31.4 39.8 0.0 308.0 169.0 175.7 307.1 171.6
126.8 31.9 39.7 0.0 310.3 168.6 173.3 310.0 163.9
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127.0 32.5 40.1 0.0 312.0 157.6 171.0 315.7 169.8
127.2 32.8 38.7 0.0 313.0 144.2 171.8 316.1 158.0
127.4 32.4 39.8 0.0 313.0 128.2 172.1 315.2 171.9
127.6 32.4 39.5 0.0 312.4 112.4 170.8 314.9 167.9
127.8 32.6 39.9 0.0 312.2 110.3 169.5 316.5 167.4
128.0 32.8 42.5 0.0 311.2 108.4 17.2 316.2 60.6
128.2 32.4 42.6 0.0 309.9 108.6 8.0 313.9 34.2
128.4 31.5 42.6 0.0 308.2 107.8 4.7 304.4 16.9
128.6 31.0 42.5 0.0 306.6 108.1 5.4 301.2 13.4
128.8 31.1 40.5 0.0 305.2 108.6 23.1 307.4 142.6
129.0 31.5 40.2 0.0 303.7 120.4 29.7 306.4 151.0
129.2 31.2 38.8 0.0 301.8 135.4 157.3 302.4 159.6
129.4 31.2 39.3 0.0 301.4 151.6 171.0 299.0 164.7
129.6 30.9 39.4 0.0 301.5 167.4 175.1 298.7 170.5
129.8 31.2 38.7 0.0 300.8 171.0 175.7 302.8 172.5
130.0 30.9 39.5 0.0 300.0 173.4 179.3 300.7 178.9
130.2 30.2 38.9 0.0 299.5 174.7 182.8 294.9 184.0
130.4 31.0 39.9 0.0 300.5 176.1 178.1 300.2 179.2
130.6 31.1 38.8 0.0 301.3 176.3 175.5 302.1 171.1
130.8 31.0 39.0 0.0 301.9 176.2 178.3 300.3 178.0
131.0 30.8 39.3 0.0 301.8 174.8 182.3 298.9 175.8
131.2 30.7 39.0 0.0 302.3 173.4 180.2 297.5 172.6
131.4 31.7 39.8 0.0 302.0 173.3 174.6 308.6 178.3
131.6 31.6 39.2 0.0 300.8 174.0 175.3 307.4 172.2
131.8 31.5 39.5 0.0 300.2 174.1 176.8 307.9 172.1
132.0 30.9 38.9 0.0 300.4 173.6 178.9 300.4 165.0
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132.2 30.7 38.7 0.0 300.4 173.6 179.8 299.3 169.9
132.4 30.4 39.5 0.0 298.7 173.1 183.6 297.3 177.5
132.6 29.9 39.3 0.0 296.8 173.1 184.9 290.4 178.6
132.8 30.3 39.7 0.0 295.3 173.6 182.3 294.4 179.0
133.0 31.0 38.6 0.0 294.6 162.4 178.7 300.6 170.9
133.2 30.9 39.2 0.0 293.9 148.7 181.3 297.6 172.9
133.4 30.4 39.0 0.0 293.9 145.7 183.2 291.9 172.5
133.6 29.7 38.5 0.0 295.1 143.3 184.3 287.7 172.2
133.8 30.1 39.6 0.0 296.6 141.9 159.2 293.1 177.3
134.0 30.1 42.5 0.0 295.4 143.3 8.5 293.4 53.6
134.2 30.1 42.6 0.0 294.8 144.1 2.6 292.2 32.3
134.4 30.6 39.0 0.0 291.0 148.0 22.1 298.0 148.0
134.6 30.7 39.2 0.0 286.3 153.0 29.3 301.9 153.8
134.8 31.4 39.9 0.0 280.1 158.6 161.4 309.2 165.5
135.0 29.8 39.3 0.0 274.0 174.6 174.8 289.3 185.2
135.2 30.7 38.2 0.0 267.8 182.9 190.5 291.5 180.1
135.4 26.5 39.0 0.0 262.3 187.2 202.7 253.8 212.4
135.6 25.5 38.2 0.0 257.1 191.5 219.4 240.8 221.8
135.8 24.0 38.6 0.0 251.3 196.2 221.7 230.7 233.1
136.0 23.8 42.9 0.0 247.6 198.3 18.8 232.3 214.0
136.2 23.8 39.3 0.0 241.4 204.0 23.1 230.6 114.7
136.4 25.0 39.2 0.0 238.8 205.9 29.7 242.6 190.9
136.6 25.8 39.3 0.0 236.5 209.1 182.8 250.5 197.7
136.8 25.9 38.5 0.0 234.6 212.8 196.0 251.3 211.7
137.0 26.1 38.2 0.0 233.1 217.6 206.1 251.8 206.4
137.2 24.5 38.5 0.0 232.8 230.9 219.8 229.9 237.2
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137.4 23.4 38.0 0.0 231.9 235.0 227.5 227.6 231.7
137.6 22.6 38.0 0.0 231.6 237.1 236.9 217.3 253.1
137.8 21.7 38.1 0.0 232.1 236.8 242.1 211.6 270.6
138.0 22.4 38.2 0.0 232.8 235.8 231.4 217.4 261.6
138.2 23.4 38.1 0.0 236.9 231.7 222.4 227.5 248.0
138.4 23.9 38.8 0.0 241.8 227.0 216.2 234.1 231.6
138.6 24.6 38.2 0.0 248.7 219.1 209.3 247.9 219.2
138.8 26.2 39.1 0.0 256.8 210.2 203.5 255.5 208.1
139.0 26.5 38.3 0.0 265.3 200.7 196.2 259.2 196.8
139.2 27.8 39.3 0.0 273.2 193.4 188.5 270.5 196.7
139.4 28.6 38.5 0.0 280.8 187.4 184.3 277.1 183.8
139.6 29.5 39.3 0.0 287.6 182.0 183.0 286.2 174.9
139.8 30.0 39.0 0.0 294.1 176.9 178.1 293.0 181.7
140.0 30.5 39.6 0.0 301.0 173.5 174.8 301.5 166.3
140.2 31.6 39.2 0.0 307.4 169.7 173.3 306.8 175.1
140.4 31.8 39.6 0.0 313.6 166.7 169.9 309.8 171.7
140.6 32.7 39.6 0.0 318.8 164.3 167.6 316.2 164.7
140.8 33.0 38.8 0.0 323.9 160.7 165.6 320.2 157.7
104.8 33.9 40.5 400.0 328.4 159.4 167.6 328.6 162.6
105.0 34.4 39.3 0.0 332.9 156.5 165.0 335.0 158.4
105.2 34.8 40.2 0.0 337.2 154.6 163.5 338.4 154.2
105.4 34.8 39.9 0.0 341.0 147.8 161.6 338.8 150.2
105.6 35.4 39.5 0.0 344.0 136.6 160.9 343.8 146.2
105.8 35.5 40.5 0.0 345.8 122.6 160.1 346.5 152.7
106.0 36.1 39.9 0.0 346.2 108.0 158.1 351.8 146.3
106.2 36.4 40.5 0.0 346.5 105.3 156.4 352.9 152.5
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106.4 36.5 39.8 0.0 346.6 104.8 26.3 353.9 96.9
106.6 36.1 42.9 0.0 346.3 104.6 13.0 350.5 45.8
106.8 35.8 43.0 0.0 344.5 104.7 6.7 346.4 22.9
107.0 35.3 42.5 0.0 342.8 106.5 8.6 338.6 12.2
107.2 35.4 40.6 0.0 340.1 107.5 24.3 341.3 127.4
107.4 35.0 40.4 0.0 336.4 115.1 128.4 340.0 144.9
107.6 35.2 40.1 0.0 331.7 128.4 140.8 341.5 144.4
107.8 34.3 40.2 0.0 326.8 143.8 157.9 328.5 154.1
108.0 36.1 40.0 0.0 323.1 160.5 163.1 334.6 164.0
108.2 33.5 39.3 0.0 319.8 165.1 170.3 325.8 162.5
108.4 32.4 39.8 0.0 316.6 168.0 175.1 316.7 173.0
108.6 31.5 39.7 0.0 313.7 170.2 181.5 303.7 178.8
108.8 30.6 39.2 0.0 312.8 171.3 183.4 297.5 177.0
109.0 31.0 39.9 0.0 311.8 170.8 178.3 301.3 179.0
109.2 31.9 39.8 0.0 311.5 171.1 175.9 308.1 173.1
109.4 31.9 40.2 0.0 312.2 170.8 174.8 308.2 174.3
109.6 32.2 39.2 0.0 314.5 168.6 170.1 312.7 165.8
109.8 32.8 40.3 0.0 317.7 167.4 167.6 319.3 165.4
110.0 33.1 39.4 0.0 320.9 165.2 165.8 325.1 158.9
110.2 33.6 39.8 0.0 323.1 164.2 163.7 322.6 165.8
110.4 33.4 40.0 0.0 325.3 162.1 162.6 323.7 169.7
110.6 33.7 40.3 0.0 327.6 161.4 162.4 326.0 157.3
110.8 34.1 40.1 0.0 329.5 160.0 164.1 329.9 164.9
111.0 34.1 39.9 0.0 331.2 159.6 162.6 333.6 157.0
111.2 34.0 40.4 0.0 333.4 159.0 162.2 329.8 162.9
111.4 34.0 39.2 0.0 335.7 157.5 160.5 330.1 153.4
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111.6 34.5 40.3 0.0 338.1 157.1 160.1 335.5 158.3
111.8 34.9 39.7 0.0 340.3 155.2 158.6 338.2 151.8
112.0 35.2 40.5 0.0 341.5 144.1 158.8 342.1 154.9
112.2 35.4 40.3 0.0 342.7 130.7 156.4 345.0 160.2
112.4 35.5 40.3 0.0 343.3 117.2 155.8 346.3 153.9
112.6 36.0 40.5 0.0 342.9 103.6 154.9 350.1 153.3
112.8 36.2 39.6 0.0 342.0 90.8 27.5 351.9 146.5
113.0 35.7 42.9 0.0 340.0 77.2 6.1 345.9 46.2
113.2 35.3 43.0 0.0 337.1 63.3 1.4 342.0 28.5
113.4 34.5 43.0 0.0 333.5 49.2 0.0 335.8 18.8
113.6 34.2 43.1 0.0 329.1 35.7 1.6 331.9 22.3
113.8 34.0 43.0 0.0 323.1 22.5 1.2 328.8 23.1
114.0 33.1 43.0 0.0 317.2 19.2 1.4 321.8 19.6
114.2 32.6 42.9 0.0 310.7 19.2 0.7 316.4 20.7
114.4 31.8 43.1 0.0 305.9 34.2 0.0 310.8 13.3
114.6 31.4 43.1 0.0 301.3 49.9 0.2 305.7 17.7
114.8 30.1 42.8 0.0 295.8 67.0 1.6 292.1 15.1
115.0 29.6 42.9 0.0 289.8 85.2 1.8 286.9 12.7
115.2 28.6 40.2 0.0 281.7 103.3 19.1 276.8 28.2
115.4 29.7 39.3 0.0 273.2 122.3 28.2 287.5 169.0
115.6 29.4 39.4 0.0 263.7 140.9 172.3 285.9 179.8
115.8 28.3 38.8 0.0 253.8 159.9 188.3 274.5 194.0
116.0 27.3 38.8 0.0 244.3 179.3 205.0 261.4 201.0
116.2 24.2 38.3 0.0 235.2 199.7 218.3 235.8 202.0
116.4 23.2 38.5 0.0 226.2 206.7 231.6 225.6 203.0
116.6 21.9 38.0 0.0 219.3 213.1 251.5 210.6 204.0
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116.8 19.9 37.9 0.0 214.5 218.4 268.6 193.3 205.0
117.0 19.7 37.4 0.0 211.8 222.0 274.8 191.2 206.8
117.2 19.1 37.7 0.0 212.7 218.4 281.2 186.3 232.0
117.4 20.1 38.1 0.0 214.6 204.6 264.1 197.3 238.9
117.6 22.0 38.6 0.0 218.1 186.8 244.6 217.2 243.9
117.8 23.3 39.0 0.0 222.9 169.8 229.2 226.3 247.8
118.0 24.1 38.5 0.0 228.8 166.1 214.0 234.6 236.3
118.2 25.2 42.8 0.0 235.7 160.4 27.5 244.6 166.0
118.4 25.2 42.8 0.0 241.4 152.2 11.4 244.9 65.2
118.6 25.3 42.8 0.0 244.7 134.2 3.7 245.6 25.8
118.8 24.9 42.3 0.0 246.9 114.6 16.3 241.0 35.3
119.0 25.5 39.7 0.0 247.7 95.3 27.2 249.9 170.0
119.2 26.1 39.6 0.0 248.8 95.8 153.4 255.2 174.6
119.4 26.2 42.4 0.0 250.9 107.3 29.1 254.6 157.2
119.6 25.8 42.5 0.0 253.1 124.7 20.5 250.3 63.5
119.8 25.5 42.5 0.0 255.2 141.8 16.7 247.8 52.1
120.0 25.0 40.9 0.0 255.5 146.4 16.4 243.2 43.6
120.2 26.3 39.2 0.0 255.2 150.2 27.2 255.6 171.0
120.4 27.5 39.6 0.0 254.6 156.4 165.2 265.9 179.5
120.6 27.2 39.3 0.0 254.6 165.2 184.0 267.1 199.9
120.8 26.9 39.0 0.0 254.8 163.1 197.7 262.0 206.6
121.0 26.2 39.1 0.0 255.1 161.4 204.6 253.5 216.4
121.2 26.0 38.3 0.0 255.5 156.9 207.4 252.3 212.1
121.4 25.6 39.2 0.0 255.5 158.1 208.0 248.3 218.8
121.6 25.8 42.9 0.0 255.1 157.7 19.9 250.4 151.7
121.8 25.7 42.8 0.0 254.3 157.8 6.4 249.7 31.7
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Time MPH Voltage Lap Smooth Smooth BMS Track Track
Stamp Mark RPM Amps Amps RPM/10 Amps
122.0 25.4 42.7 0.0 254.3 156.8 7.0 246.3 26.3
122.2 25.7 38.0 0.0 252.4 158.8 23.7 259.0 125.7
122.4 27.3 39.6 0.0 250.8 160.8 29.9 266.5 191.4
122.6 27.3 39.6 0.0 248.4 170.0 182.1 262.5 195.9
122.8 26.2 39.0 0.0 246.5 191.6 199.2 254.4 207.7
123.0 26.1 38.2 0.0 245.1 213.0 210.8 254.0 206.8
123.2 24.2 39.0 0.0 243.8 222.6 220.0 232.8 232.0
123.4 23.8 38.7 0.0 241.8 225.5 224.5 232.1 238.9
123.6 23.4 38.7 0.0 241.9 225.9 226.2 226.6 243.9
123.8 23.7 38.8 0.0 243.0 225.5 224.5 230.5 247.8
124.0 23.8 39.0 0.0 244.6 224.2 220.6 232.9 240.1
124.2 24.7 39.0 0.0 249.3 220.5 212.1 245.6 221.1
124.4 25.1 39.6 0.0 254.1 215.3 206.3 246.9 220.8
124.6 26.9 38.9 0.0 260.5 208.8 197.3 263.0 200.2
124.8 27.2 39.4 0.0 266.8 201.1 194.5 265.5 203.6
125.0 27.5 39.0 0.0 273.5 194.3 188.1 270.1 193.7
125.2 28.8 39.8 0.0 279.3 188.9 185.1 279.6 195.2
125.4 28.9 38.8 0.0 285.0 184.5 183.0 280.2 186.1
125.6 29.6 39.9 0.0 289.5 181.6 181.0 290.6 179.6
125.8 30.0 38.8 0.0 293.9 177.7 179.3 293.9 170.7
126.0 30.8 39.6 0.0 298.5 175.3 177.6 299.3 171.5
126.2 31.2 39.3 0.0 302.1 171.6 178.1 304.0 167.7
126.4 31.5 39.7 0.0 305.6 170.1 177.4 304.2 176.7
126.6 31.4 39.8 0.0 308.0 169.0 175.7 307.1 171.6
126.8 31.9 39.7 0.0 310.3 168.6 173.3 310.0 163.9
127.0 32.5 40.1 0.0 312.0 157.6 171.0 315.7 169.8
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Time MPH Voltage Lap Smooth Smooth BMS Track Track
Stamp Mark RPM Amps Amps RPM/10 Amps
127.2 32.8 38.7 0.0 313.0 144.2 171.8 316.1 158.0
127.4 32.4 39.8 0.0 313.0 128.2 172.1 315.2 171.9
127.6 32.4 39.5 0.0 312.4 112.4 170.8 314.9 167.9
127.8 32.6 39.9 0.0 312.2 110.3 169.5 316.5 167.4
128.0 32.8 42.5 0.0 311.2 108.4 17.2 316.2 60.6
128.2 32.4 42.6 0.0 309.9 108.6 8.0 313.9 34.2
128.4 31.5 42.6 0.0 308.2 107.8 4.7 304.4 16.9
128.6 31.0 42.5 0.0 306.6 108.1 5.4 301.2 13.4
128.8 31.1 40.5 0.0 305.2 108.6 23.1 307.4 142.6
129.0 31.5 40.2 0.0 303.7 120.4 29.7 306.4 151.0
129.2 31.2 38.8 0.0 301.8 135.4 157.3 302.4 159.6
129.4 31.2 39.3 0.0 301.4 151.6 171.0 299.0 164.7
129.6 30.9 39.4 0.0 301.5 167.4 175.1 298.7 170.5
129.8 31.2 38.7 0.0 300.8 171.0 175.7 302.8 172.5
130.0 30.9 39.5 0.0 300.0 173.4 179.3 300.7 178.9
130.2 30.2 38.9 0.0 299.5 174.7 182.8 294.9 184.0
130.4 31.0 39.9 0.0 300.5 176.1 178.1 300.2 179.2
130.6 31.1 38.8 0.0 301.3 176.3 175.5 302.1 171.1
130.8 31.0 39.0 0.0 301.9 176.2 178.3 300.3 178.0
131.0 30.8 39.3 0.0 301.8 174.8 182.3 298.9 175.8
131.2 30.7 39.0 0.0 302.3 173.4 180.2 297.5 172.6
131.4 31.7 39.8 0.0 302.0 173.3 174.6 308.6 178.3
131.6 31.6 39.2 0.0 300.8 174.0 175.3 307.4 172.2
131.8 31.5 39.5 0.0 300.2 174.1 176.8 307.9 172.1
132.0 30.9 38.9 0.0 300.4 173.6 178.9 300.4 165.0
132.2 30.7 38.7 0.0 300.4 173.6 179.8 299.3 169.9
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Time MPH Voltage Lap Smooth Smooth BMS Track Track
Stamp Mark RPM Amps Amps RPM/10 Amps
132.4 30.4 39.5 0.0 298.7 173.1 183.6 297.3 177.5
132.6 29.9 39.3 0.0 296.8 173.1 184.9 290.4 178.6
132.8 30.3 39.7 0.0 295.3 173.6 182.3 294.4 179.0
133.0 31.0 38.6 0.0 294.6 162.4 178.7 300.6 170.9
133.2 30.9 39.2 0.0 293.9 148.7 181.3 297.6 172.9
133.4 30.4 39.0 0.0 293.9 145.7 183.2 291.9 172.5
133.6 29.7 38.5 0.0 295.1 143.3 184.3 287.7 172.2
133.8 30.1 39.6 0.0 296.6 141.9 159.2 293.1 177.3
134.0 30.1 42.5 0.0 295.4 143.3 8.5 293.4 53.6
134.2 30.1 42.6 0.0 294.8 144.1 2.6 292.2 32.3
134.4 30.6 39.0 0.0 291.0 148.0 22.1 298.0 148.0
134.6 30.7 39.2 0.0 286.3 153.0 29.3 301.9 153.8
134.8 31.4 39.9 0.0 280.1 158.6 161.4 309.2 165.5
135.0 29.8 39.3 0.0 274.0 174.6 174.8 289.3 185.2
135.2 30.7 38.2 0.0 267.8 182.9 190.5 291.5 180.1
135.4 26.5 39.0 0.0 262.3 187.2 202.7 253.8 212.4
135.6 25.5 38.2 0.0 257.1 191.5 219.4 240.8 221.8
135.8 24.0 38.6 0.0 251.3 196.2 221.7 230.7 233.1
136.0 23.8 42.9 0.0 247.6 198.3 18.8 232.3 214.0
136.2 23.8 39.3 0.0 241.4 204.0 23.1 230.6 114.7
136.4 25.0 39.2 0.0 238.8 205.9 29.7 242.6 190.9
136.6 25.8 39.3 0.0 236.5 209.1 182.8 250.5 197.7
136.8 25.9 38.5 0.0 234.6 212.8 196.0 251.3 211.7
137.0 26.1 38.2 0.0 233.1 217.6 206.1 251.8 206.4
137.2 24.5 38.5 0.0 232.8 230.9 219.8 229.9 237.2
137.4 23.4 38.0 0.0 231.9 235.0 227.5 227.6 231.7
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Time MPH Voltage Lap Smooth Smooth BMS Track Track
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137.6 22.6 38.0 0.0 231.6 237.1 236.9 217.3 253.1
137.8 21.7 38.1 0.0 232.1 236.8 242.1 211.6 270.6
138.0 22.4 38.2 0.0 232.8 235.8 231.4 217.4 261.6
138.2 23.4 38.1 0.0 236.9 231.7 222.4 227.5 248.0
138.4 23.9 38.8 0.0 241.8 227.0 216.2 234.1 231.6
138.6 24.6 38.2 0.0 248.7 219.1 209.3 247.9 219.2
138.8 26.2 39.1 0.0 256.8 210.2 203.5 255.5 208.1
139.0 26.5 38.3 0.0 265.3 200.7 196.2 259.2 196.8
139.2 27.8 39.3 0.0 273.2 193.4 188.5 270.5 196.7
139.4 28.6 38.5 0.0 280.8 187.4 184.3 277.1 183.8
139.6 29.5 39.3 0.0 287.6 182.0 183.0 286.2 174.9
139.8 30.0 39.0 0.0 294.1 176.9 178.1 293.0 181.7
140.0 30.5 39.6 0.0 301.0 173.5 174.8 301.5 166.3
140.2 31.6 39.2 0.0 307.4 169.7 173.3 306.8 175.1
140.4 31.8 39.6 0.0 313.6 166.7 169.9 309.8 171.7
140.6 32.7 39.6 0.0 318.8 164.3 167.6 316.2 164.7
140.8 33.0 38.8 0.0 323.9 160.7 165.6 320.2 157.7
104.8 33.9 40.5 400.0 328.4 159.4 167.6 328.6 162.6
